Background: Perihilar cholangiocarcinoma (PHCC) is the most common subtype of cholangiocarcinoma(CCA). We previously investigated the expression pattern of Sprouty(SPRY) in intrahepatic cholangiocarcinoma (ICC), but the expression and clinical significance of SPRY family members in PHCC are still unknown. Methods: The expression of SPRY family members(SPRY1-4) was detected in different subtypes of CCA and corresponding adjacent tissues. SPRY4 expression in 142 cases of PHCC was detected by immunohistochemistry, and its clinical significance was evaluated using univariate and multivariate analyses. The functions of SPRY4 in the FGFR-induced proliferation and migration of PHCC cells were investigated through in vitro and in vivo experiments. We further investigated the effects and mechanisms of SPRY4 on FGFR-induced ERK phosphorylation and cell cycle distribution in the presence of FGFR and ERK inhibitors. Findings: SPRY4 was the only SPRY family member associated with PHCC prognosis, and it was identified as an independent factor predicting favorable prognosis. In PHCC, SPRY4 expression was extensively associated with FGFR2, and its expression can be induced by ectopic FGFR2 activation. Through in vitro and in vivo experiments, we demonstrated that SPRY4 suppressed FGFR-induced proliferation and migration by inhibiting ERK phosphorylation. Moreover, SPRY4 knockdown was shown to decrease the percentage of cells in the G1 phase and promote the percentage of cells in the S and G2/M phases by increasing cyclin D1 expression, which also required FGFR-induced ERK phosphorylation. Interpretation: High expression of SPRY4 was an independent biomarker of favorable prognosis in PHCC. SPRY4 expression can be induced by ectopic FGFR2 activation in PHCC. SPRY4 arrested the cell cycle at G1 phase and suppressed FGFR-induced proliferation and migration by inhibiting ERK phosphorylation, indicating that SPRY4 may be a potential therapeutic target in PHCC.
Introduction
Cholangiocarcinoma (CCA) is a type of malignancy arising from the biliary tree. Patients with CCA usually suffer from late diagnosis and poor outcomes [1] . The incidence of CCA is increasing worldwide, especially in East and Southeast Asia [2] . Based on the anatomical location of the tumor, CCA can be further classified into subtypes including intrahepatic (ICC), perihilar(PHCC), and distal (DCC) cholangiocarcinoma, with distinct risk factors, molecular pathogenesis, biological features, clinical characteristics and treatment strategies. PHCC is the most common type of CCA, accounting for more than 50% of cases [3] . Radical surgery is a curative option for all CCA subtypes but is extremely difficult for PHCC because of the anatomical complexity of the perihilar region [4] . The prognosis of PHCC is still very dismal(<30% in most studies), although surgical techniques and adjuvant therapy have been dramatically improved [5] .
Technological revolution, such as second-generation sequencing, provides more insights into the molecular characteristics and therapeutic strategies for tumor treatment. This is especially important to biliary cancer, including CCA, because more than 65% of patients with biliary cancer are diagnosed with unresectable disease [6] . Emerging evidence from comprehensive genetic analyses reveal several actionable mutations in CCA, such as fibroblast growth factor receptor (FGFR) fusion rearrangements and isocitrate dehydrogenase (IDH)-1 and IDH2 mutations. However, studies on the molecular patterns and features of PHCC are lagging behind those for ICC, despite PHCC having the highest prevalence. No study has regarded PHCC as a distinct cancer type in comprehensive genetic analysis thus far, although PHCC and DCC have been identified as different extrahepatic CCA since 2007 by the 7th American Joint Committee on Cancer/Union for International Cancer Control(AJCC/UICC) system.
In all subtypes of CCA, Kirsten ras sarcoma viral oncogene homolog (KRAS) mutations and FGFR2 fusions are well-identified somatic genetic alterations [7] . KRAS mutations are associated with poor overall survival [8] , and several independent lines of evidence have demonstrated the role of FGFR2 fusion in CCA tumorigenesis and progression [9À11] . FGFR2 is a receptor tyrosine kinase involved in cellular processes such as proliferation mainly by activating downstream pathways, including Ras/Raf/MEK/MAPK and PI3K/AKT signaling [12] . RAS is a member of the FGFR2 signaling pathway, and its common downstream signaling pathway is the MEK/MAPK pathway. Both KRAS mutations and FGFR2 fusions constitutively stimulate the MEK/MAPK pathway, and this ectopic activation finally leads to excessive proliferation in tumor cells. ERK, one of the most famous MAPKs, is a main effector downstream of both KRAS and FGFR2.
It is well accepted that RAS activation can initiate compensatory feedback mechanisms that attenuate signaling output [13] . The sprouty (SPRY) family, comprising SPRY1-4, is the most important negative regulator of the Ras/Raf/MEK/MAPK signaling pathway [14] . SPRY can inhibit ERK phosphorylation by modulating the FGFR/Ras/ Raf/MEK/MAPK pathway at different levels [15, 16] . Dysfunction in the SPRY family has been reported to be correlated with progression in several types of cancers, including gastric cancer, breast cancer, liver cancer and prostate cancer [17À24] . However, emerging evidence indicates that the expression of SPRY members is tumor-specific and that not all SPRY members are involved in the progression and prognosis of different cancer types. For example, SPRY4 was reported to inhibit the tumorigenesis in several tumor types like lung cancer and glioblastoma [25, 26] .
SPRY2, but not SPRY4, is an independent prognostic biomarker for human epithelial ovarian cancer [27] . Moreover, loss of SPRY4 but not of other SPRY members, amplifies RAS signaling in acute myeloid leukemia [28] . In our previous study, we demonstrated that different SPRY members had different expression patterns in ICC and that SPRY2 suppressed the progression of ICC by antagonizing FGFR2 signaling [29] . Nevertheless, the expression, function and clinical significance of the SPRY family in PHCC are still unknown.
In our study, we investigated the expression of SPRY family members in ICC, PHCC and DCC to identify the key effector responsible for Ras/Raf/MEK/MAPK signal feedback in PHCC cells and evaluated its clinical significance by analyzing the correlations between clinicopathological factors and survival time. Through in vitro and in vivo experiments, we further evaluated the oncogenic function of SPRY4 in PHCC progression and explore the underlying mechanism of SPRY4-suppressed progression of PHCC.
Materials and methods

Patients and follow-up
The primary cohort of our study comprised 424 patients who underwent surgery for PHCC at Qilu Hospital of Shandong University from 2007 to 2018. A validation cohort consisting of 142 patients was further selected according to the following inclusion criteria:(i) patients who underwent radical resection with a clear surgical margin; (ii) patients with available formalin-fixed tumor tissues, followup information and complete medical records; (iii) patients with postsurgical survival time of more than 1 month; and (iv) patients with no history of other malignancies. Tumor tissues and adjacent tissues of ICC, PHCC and DCC were collected during surgical resection on the premise of not interfering with the pathological diagnosis. The tumors were classified and staged according to the 8th AJCC/UICC TNM classification system. Informed consent was obtained from all patients. All experiments were approved by the Ethical Committee of Qilu Hospital of Shandong University.
Tissue microarray construction, immunohistochemistry and scoring
Tissue microarrays (TMAs) of formalin-fixed and paraffin-embedded tissue sections were made according to a previous report [30] . A senior pathologist was responsible for selecting representative tumor areas for TMAs by staining sections with hematoxylin and eosin. The expression of SPRY4 in PHCC was investigated with immunohistochemistry(IHC) described in detail in a previous study [29] . Stained TMAs were screened by a TMA scanner (Panoramic MIDI, 3D HIS-TECH, Budapest, Hungary), and the results of IHC were quantified
Research in context
Evidence before this study Perihilar cholangiocarcinoma (PHCC) is the most common subtype of cholangiocarcinoma (CCA) with the worst prognosis. Studies of new biomarkers or molecular profiles for PHCC have remained stagnant compared with those for intrahepatic cholangiocarcinoma (ICC), because radical resection of PHCC is much more difficult to achieve. The poor prognosis of PHCC is partially because of the lack of effective adjuvant therapy. The effects of chemotherapy or radiotherapy are limited, and there is no FDA-approved targeted drug for PHCC.
Added value of this study
In our study, for the first time, we compared the expression all SPRY family members in different subtypes of CCA and investigated their prognostic significance in PHCC. Consequently, we demonstrated that SPRY4 was notably associated with tumor size and lymphatic invasion and that it was an independent prognostic biomarker in PHCC. Through in vitro and in vivo experiments, we demonstrated that SPRY4 could suppress FGFR-induced proliferation and migration of PHCC by inhibiting ERK phosphorylation. Furthermore, we revealed that SPRY4 inhibited proliferation by arresting cells in the G1 phase via a reduction in cyclin D1 expression.
Implications of all the available evidence
Our results indicated that SPRY4 may be a potential therapeutic target in PHCC and that drugs activating SPRY4 may be promising for treating PHCC because the relevant preclinical drugs are antagonists. Regarding clinical application, our results suggested that the detection of SPRY4 in PHCC patients may help stratify high-and low-risk patients more effectively, which may guide individualized therapy in PHCC.
with histochemistry scores (H-scores), which were generated by Quant Center software and defined as H-score = (percentage of cells with weak staining intensity £ 1) + (percentage of cells with moderate staining intensity £ 2) + percentage of cells with strong staining intensity £ 3) according to previous studies [31, 32] . The cohort was divided into subgroups according to the cut-offs of H-scores, which were identified as the point with the highest sum of specificity and sensitivity in the receiver operating characteristic (ROC) curve according to a previous study [33] .
Cells and agents
Human ICC cell lines RBE and HCCC-9810 and PHCC cell lines FRH0201 and QBC939 were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) or American Type Culture Collection(Manassas, VA, USA). RBE, FRH0201, and HCCC-9810 were maintained in RPMI-1640 medium (Gibco, Grand Island, New York, USA), and QBC939 was maintained in DMEM (Gibco), containing 10% fetal bovine serum (FBS; Gibco), and 100 U/ml penicillin and streptomycin (Gibco).
Primary antibodies were as follows: anti-SPRY1 ( 
RNA extraction and RT-PCR
Total mRNA was isolated from cultured cells, CCA tissues and adjacent normal tissues by using TRIzol reagent (Invitrogen, California, USA). Reverse transcription was performed using the ReverTra Ace qPCR RT kit (TOYOBO, Japan).Quantitative real-time PCR(qRT-PCR) was carried out using SYBR Green Master Mix (Roche, USA), and GAPDH RNA was used as an internal control. Relative mRNA levels were analyzed by the 2 ÀDDCT and 2 ÀDCT methods. The primers were as follows:
SPRY1 forward: 5 0 -TCCTGTTTGGCCTGTAACCG-3 0 SPRY1 reverse: 5 0 -TCGTCGTCATTGGAGCAGTG-3 0 SPRY2 forward: 5 0 -CCCCTCTGTCCAGATCCATA-3 0 SPRY2 reverse: 5 0 -CCCAAATCTTCTTGCTCAG-3 0 SPRY3 forward: 5 0 -TTGCCAGCTCAATGTCCCAT-3 0 SPRY3 reverse: 5 0 -CGGATGATGGATTGGCCTGA-3 0 SPRY4 forward: 5 0 -TCTGACCAACGGCTCTTAGAC-3 0 SPRY4 reverse: 5 0 -GTGCCATAGTTGACCAGAGTC-3 0 Cyclin A2 forward: 5 0 -GGTACTGAAGTCCGGGAACC-3 0 Cyclin A2 reverse: 5 0 -TGCTTTCCAAGGAGGAACGG-3 0 Cyclin B1 forward: 5 0 -GCACTTCCTTCGGAGAGCAT-3 0 Cyclin B1 reverse: 5 0 -GTTCTTGACAGTCCATTCACCA-3 0 Cyclin D1 forward: 5 0 -GATGCCAACCTCCTCAACGA-3 0 Cyclin D1 reverse: 5 0 -GGAAGCGGTCCAGGTAGTTC-3 0 GAPDH forward: 5 0 -GAGTCAACGGATTTGGTCGT-3 0 GAPDH reverse: 5 0 -GACAAGCTTCCCGTTCTCAG-3 0
Cell transfection and establishment of stable cell lines
QBC939 cells were seeded in 6-well plates (3 £ 10 5 /well) and incubated for 24 h. An shRNA targeting SPRY4 was transfected into cells via lentiviruses (GenePharma, Shanghai, China) with 5 mg/ml polybrene (GenePharma). The cells were incubated in complete medium containing 4 mg/ml puromycin for 10 days to obtain stable cell lines. A scramble sequence was used as a negative control. The efficiency of knockdown was verified by western blotting analysis and qRT-PCR. The sequences of shRNA were as follows: scrambled sense sequences: 5 0 -UUCUCCGAACGUGUCACGUTT-3 0 scrambled anti-sense sequence: 5 0 -ACGUGACACGUUCGGAGAATT-3 0 SPRY4 sense sequences: 5 0 -GCCUGUUUCUCCGUACAGUTT-3 0 SPRY4 anti-sense sequence: 5 0 -ACUGUACGGAGAAACAGGCTT-3 0
Western blotting analysis
Cells and tissues were lysed using RIPA (Beyotime, Shanghai, China) with 1% phenylmethylsulfonyl fluoride (PMSF; Beyotime) and 1% phosphatase inhibitor (Solarbio, Beijing, China) [34] . Total proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were incubated with primary antibodies overnight and then incubated with secondary antibodies for 1.5 h. Proteins were finally visualized using enhanced chemiluminescence (Millipore, Bedford, MA, USA).The results of western blotting were quantified by ImageJ software if necessary.
Wound healing assay
Cells were seeded into 6-well plates at approximately 3 £ 105 cells per well and cultured to 70À80% confluence. After the cells were starved in serum-free medium for 6 h, cell monolayers were scratched with a 200 ml pipette tip and incubated in serum-free medium for 24 h. The wound sizes were recorded at 0 and 24 h. The wound closure percentage was calculated using the formula (1 À [final wound size/initial wound size]) £ 100.
Transwell assay
Cells were seeded into the upper chamber of a 24-well 8-mm pore membrane (Corning, NY, USA) at 105 cells per cell. Approximately 500 ml complete medium or serum-free medium containing FBS, 50 ng/ml FGF2, 100 nM AP24534 or 1 mM ulixertinib was added to the lower chamber. After 24 h of incubation, cells in the upper chamber were removed, and cells in the bottom chamber were fixed with methanol and stained with crystal violet. Migrated cells were counted in 5 random visual fields of microscopy at £ 200 magnification.
Cell proliferation assays
Cell proliferation was detected by the cell counting kit-8 (CCK-8) assay and colony formation assay. Transfected cells were seeded in 96-well plates (5 £ 103/well) and incubated in serum-free medium for 6 h for starvation. Medium with 50 ng/ml FGF2, FBS, 100 nMAP24534 or 1 mM ulixertinib was then added if necessary. Every 24 h, cells were mixed with 10 ml CCK-8(Dojindo, Tokyo, Japan) reagent per well and then incubated at 37°C for 1 h. Then, the absorbance at 450 nm was measured. The relative OD450 was calculated as OD450 of tested well minus OD450 of empty medium.
For the colony formation assay, cells were seeded into 6-well plates (300/well) and complete medium for 2 weeks. After washing twice with phosphate-buffered saline (PBS), colonies were fixed with methanol and stained with crystal violet. The numbers of stained colonies were counted under a microscope.
Cell cycle detection
Cell cycle analysis was performed via fluorescence-activated cell sorting(FACS). A total of 3 £ 105 cells were seeded in 6-well plates and cultured for 24À48 h in 50 ng/ml FGF2, FBS, 100 nM AP24534 and/or 1 mM ulixertinib. After washing with PBS, the cells were harvested and fixed with cold 75% ethyl alcohol overnight at 4°C. The cells were gently resuspended in 400À500 ml propidium iodide (PI)/RNase Staining solution (BD Biosciences, USA) at 37°C for 15 min and incubated at 4°C for 30 min in the dark. The samples were finally analyzed using a FACScan flow cytometer (BD Immunocytometry Systems, USA).
Apoptosis detection
Cell apoptosis assays were performed using a PE-Annexin V Apoptosis Detection Kit I (BD Biosciences, USA). In brief, 3 £ 105 cells were seeded in 6-well plates and cultured for 24À48 h in 50 ng/ml FGF2, FBS, 100 nM AP24534 and/or 1 mM ulixertinib. Cells were washed with PBS and resuspended in 400 ml binding buffer. After incubation in 5 ml PE-AnnexinV and 5 ml 7-AAD for 15 min at 25°C in the dark, the cells were mixed with 400 ml binding buffer and analyzed by a FACScan flow cytometer within 1 h.
Tumor xenograft model
Female BALB/c nude mice (5À6 weeks old) from GemPharmatech Co., Ltd. (Nanjing, China) were randomly divided into two groups. Approximately 106 stable cells transfected with shSPRY4 or scrambled shRNA were subcutaneously injected into the right flanks of nude mice. Tumor diameters were measured every 3 days with a caliper. After euthanizing the mice and removing the xenografts, we calculated tumor volume as (length £ width2)/2. Mice treated with AP24534 were given 10 mg/kg/day AP24534 via intraperitoneal injection. For FGF2 stimulation, mice treated with 3 mg/kg/day FGF2 via intraperitoneal injection. All animal experiments were supervised and approved by the Ethical Committee of Shandong University.
Statistical analysis
Statistical analyses were performed using SPSS 22.0 and Graph-PadPrism 6.0 software. Data are presented as the mean §standard deviation. The statistical significance of differences between groups was calculated using Student's t-tests without special instruction. Correlations between SPRY4 expression and clinicopathological characteristics were determined by the Chi-square test or Fisher's test if necessary. Survival curves were estimated using the KaplanÀMeier method, and differences were assessed using the log-rank test. Multivariable analyses with the Cox proportional hazards regression model were used to determine independent prognostic factors. P value < 0.05 indicated statistical significance.
Results
Expression of different SPRY members in CCA
The mRNA levels of SPRY1-4 in tumors and paired tumor adjacent tissues from ICC (12 cases), PHCC (24 cases), and DCC (12 cases) patients were compared with qRT-PCR ( Fig. 1(a) ). Consistent with our previous results [29] , the mRNA levels of SPRY2 in ICC tumor tissues were significantly lower than those in paired adjacent tissues. Intriguingly, PHCC exhibited different SPRY expression patterns than ICC. SPRY2 expression was not remarkably different between PHCC tumor and paired adjacent tissues, while the expression of SPRY1, SPRY3 and SPRY4 was notably lower in PHCC tumor tissues than in adjacent tissues ( Fig. 1(b) ), suggesting a potential tumor-suppressive role of SPRY1 and SPRY4 in PHCC. Moreover, we detected the expression of SPRY1-4 in 142 cases of PHCC with IHC and divided these cases into subgroups according to the H-scores of SPRY1-4 expression ( Fig. 1(c) ). All SPRY members were expressed in the cytoplasm instead of the nucleus. SPRY1 and 4 had relatively higher expression than SPRY2 and 3 in PHCC. Besides the PHCC cells, the mesenchymal cell of bile duct also had obvious SPRY4 staining., which was unlike SPRY1. In our study, the proportions of high SPRY1-4 expression were 50.0%, 54.9%, 50.7%, and 50.0%, respectively (Supplemental Table 1 ).
Clinical significance of different SPRY members in CCA
The prognostic significance of SPRY1-4 and other clinicopathological factors in these 142 PHCC cases were first evaluated by univariate analysis Table 1 . Among the four SPRY members, SPRY4 was the only marker of favorable prognosis in PHCC(P = 0.006) ( Fig. 2(a)À(d) ). In addition to SPRY4 expression, patient age>65 (P = 0.013), positive lymph node metastasis (P = 0.025), positive metastasis (P<0.001), and advanced TNM stage(P<0.001) were all significantly associated with low survival rates in our study ( Fig. 2(e)À(h) ).
Independent prognostic biomarkers of PHCC were further identified with the Cox regression models (Supplemental Table 2 ). The prognostic factors identified in univariate analyses were included in a multivariate analysis except TNM stage because of its natural interaction with other factors. In our study, SPRY4 was confirmed as an independent biomarker predicting a favorable prognosis in PHCC.
To identify the possible processes underlying tumor progression affected by SPRY4, we analyzed its correlation with clinicopathological factors, including lymphatic invasion, metastasis, and tumor differentiation (Supplemental Table 3 ). In our study, high expression of SPRY4 was significantly associated with small tumor size (P = 0.007), negative lymphatic invasion(P = 0.031) and early TNM stage (P = 0.002), indicating that SPRY4 may suppress the proliferation and invasion of PHCC. In addition, we analyzed the correlations between SPRY1-3 and clinicopathological factors. Interestingly, the expression levels of SPRY1 and SPRY2 were correlated with tumor size (Supplemental Table 4 ).
SPRY4 expression can be induced by ectopic FGFR2 activation in PHCC
As a modulator of ERK phosphorylation, SPRY expression was previously reported to be induced by ERK activation as a negative feedback [13] . However, the expression of both FGFR and SPRY4 family was context-and tissue-specific, so we further detected the correlations between SPRY4 and FGFR family. The expression of FGFR1-4 was detected with IHC and divided into low and high expression ( Fig. 3(a) ). High expression of FGFR4 was a prognostic biomarker of PHCC, which was in consistent with our previous study [35] . Besides FGFR4, high expression of FGFR2 also indicated poor prognosis of PHCC ( Fig. 3(b) ). Among FGFR1-4, the expression of FGFR2 had most significant correlation with SPRY4 expression(R 2 =0.468) ( Fig. 3(c) ), and patients with high FGFR2 seemed to have higher expression of SPRY4 ( Fig. 3(d) ). PHCC cell line QBC939 was incubated in 10 ng/ml FGF2 for 0À72 h. In this long-term activation, SPRY4 expression was elevated by FGF2 ( Fig. 3(e) ), indicating that SPRY4 expression could be induced in ectopic activation of FGFR2.
SPRY4 inhibited the proliferation and invasion of PHCC
The role of SPRY4 in PHCC progression was further evaluated through in vitro and in vivo experiments. The expression of SPRY4 in 8 pairs of fresh PHCC tissues and corresponding tumor adjacent tissues was detected by western blotting, which indicated lower expression of SPRY4 in PHCC ( Fig. 4(a) ). Moreover, SPRY4 expression was detected in ICC cell lines RBE and HCCC-9810 and PHCC cell lines FRH0201 and QBC939 ( Fig. 4(b) ). SPRY4 expression was detectable in all these cell lines and was most prominent in QBC939 cells. After silencing SPRY4 with shRNAs in QBC939 and overexpressing SPRY4 in FRH0201 with lentiviruse carrying LV5-SPRY4 ( Fig. 4(c) ), we evaluated the proliferation and migration of QBC939 cells. Both CCK-8 and colony formation assays showed that SPRY4 knockdown substantially promoted the proliferation of QBC939 cells ( Fig. 4(d) and (e)), and SPRY4 overexpression facilitated the progression of FRH0201 cells ( Fig. 4(d) and (e)). Similar results were obtained in transwell and wound healing assays, suggesting that SPRY4 also played an essential role in the migration of QBC939 cells ( Fig. 4f and (g) ). In addition, stable QBC939 cells with SPRY4 knockdown were established and subcutaneously transplanted into nude mice for successful xenograft formation ( Fig. 4(h) ). Consequently, SPRY4 knockdown resulted in an increase in the volume and weight of xenografts ( Fig. 4(i) and (j) ), indicating the important tumor-suppressive role of SPRY4 in PHCC cell proliferation. Representative IHC images of SPRY family members in human PHCC tissues. Scale bar: 50 mm.
SPRY4 suppressed FGF2-induced PHCC progression
SPRY4 was reported to block ERK activation induced by several upstream stimulators, including FGFR and EGFR [36] . Additionally, FGFR2 is a well-known biomarker of CCA. Thus, we determined the role of SPRY4 in FGF2-induced PHCC progression. After SPRY4 knockdown, QBC939 cells were serum-starved for 6 h and incubated in 50 ng/ml FGF2 and 1% FBS for 1À4 days. Consequently, SPRY4 silencing significantly increased FGF2-induced proliferation of QBC939 cells ( Fig. 5(a) ). Moreover, a pan-inhibitor of FGFR, AP24534 (100 nM), was used to block FGFR signaling. As expected, the FGFR inhibitor AP24534 remarkably decreased FGF2-induced proliferation, while SPRY4 knockdown substantially attenuated this effect ( Fig. 5  (b) ). Transwell assays were also performed in the presence of 50 ng/ ml FGF2 and 5% FBS. AP24534 significantly suppressed the migration of QBC939 cells induced by FGF2, whereas the migration of QBC939 cells enhanced by SPRY4 knockdown (Fig. 5(c) ). These in vitro results demonstrated that SPRY4 knockdown could enhance FGF2-induced PHCC cell proliferation and migration, suggesting that SPRY4 was essential for suppressing FGF2-induced PHCC progression.
Next, in vivo experiments were carried out to confirm the tumorsuppressive role of SPRY4. Nude mice were intraperitoneally injected with AP24534 at a dose of 10 mg/kg/day for 15 days after being inoculated with stable SPRY4-knockdown QBC939 cells ( Fig. 5(d) ). Mice injected with AP24534 had significantly smaller tumor volumes and lower tumor weights ( Fig. 5(e ) and (f)), indicating that the FGFR inhibitor could block the proliferation promoted by SPRY4 knockdown.
SPRY4 suppressed FGF2-induced ERK phosphorylation
ERK is the main downstream effector of FGF-FGFR2 signaling, and we previously proved that SPRY2 could suppress ERK phosphorylation in ICC cells. Thus, we further detected the function of SPRY in FGF2-induced ERK phosphorylation. SPRY4 silencing was shown to enhance ERK phosphorylation of QBC939 cells in 10% FBS ( Fig. 6(a) ). Next, the time-effect correlation between FGF2 and ERK phosphorylation was evaluated. QBC939 cells displayed peak ERK phosphorylation levels after 5 min of stimulation with 50 ng/ml FGF2 ( Fig. 6(b) ). This FGF2-induced ERK phosphorylation was antagonized by AP24534 and enhanced by SPRY4 silencing in QBC939 cells (Fig. 6(c) ), consistent with FGF2-induced PHCC progression. The ERK inhibitor ulixertinib was next used in the presence of FGF2 stimulation. To this end, QBC939 cells were incubated with ulixertinib (1 mM) and FGF2 (50 ng/ml), and PHCC cell proliferation and migration were detected. Both CCK-8 and transwell assays revealed that ERK inhibition could suppress the promotion of proliferation and migration induced by SPRY4 knockdown (Fig. 6(d) and (e)). These results suggested that ERK activation was essential in the SPRY4-induced suppression of PHCC progression. Moreover, in vivo experiments were conducted with SPRY4overexpressing QBC939 cells, with or without FGF2 stimulation ( Fig. 6(f) ). SPRY4 overexpression repressed tumor volume and weight, while recombinant FGF2 stimulation reversed this tendency ( Fig. 6(g) and (h)), indicating SPRY4 was an essential modulator of FGF-FGFR4-ERK signaling pathway.
SPRY4 arrested the cell cycle in theG1 phase by inhibiting ERK activation and decreasing Cyclin D1 expression
In the clinical analysis of supplemental Table 3 , we observed that SPRY4 was significantly associated with tumor size. Moreover, in vitro and in vivo experiments, SPRY4 was shown to suppress tumor proliferation. Therefore, we determined whether SPRY4 influenced apoptosis in PHCC cells. After stimulation with FGF2, flow cytometry was used to identify apoptotic cells after SPRY4 knockdown ( Fig. 7(a) ), and apoptosis biomarkers including Bax, Bcl-2 and Caspase-3 were also detected by western blotting (Fig. 7(b) ). However, apoptosis in QBC939 cells was not markedly different between the shSPRY4-and scrambled shRNA-transfected groups, suggesting that SPRY4 did not affect apoptosis in QBC939 cells.
The effect of SPRY4 on the cell cycle of QBC939 cells was subsequently evaluated by flow cytometry with PI staining. FGF2 stimulation at 50 ng/ml reduced the percentage of QBC939 cells in the G1 phase ( Fig. 7(c) ). Furthermore, the cell cycle of QBC939 cells was detected in the presence or absence of AP24534 after SPRY4 silencing. SPRY4 knockdown substantially decreased the proportion of cells in the G1 phase and increased the proportion of cells in the S and G2/ M phase, while AP24534 attenuated this effect( Fig. 7(d) ). These results suggested that SPRY4 could suppress FGFR-induced and colony formation assays (e) after silencing SPRY4 in QBC939 cells and overexpressing SPRY4 in FRH0201 cells in normal medium with 10% FBS. (f) and (g) Migration of QBC939 cells was assessed with transwell assay (g). After SPRY4 knockdown, cells were seeded in the upper transwell chamber and incubated for 24 h, with FBS in the lower chamber. (g) Wound healing assay was applied to evaluate migration of QBC939. 24 h after a scratch in the cell monolayer, the wound size was measured again. Wound closure percentage was calculated by (1 À [final wound size / initial wound size]) £ 100. In d, e, f and g, ** and *** represented P < 0.01 and P < 0.001 by Student t-test, between scrambled/vector groups and SPRY4-overexpressing/silencing groups (h) Xenografts were established in nude mice with stable QBC939 cells with SPRY4 knockdown or control cells. (i) and (j) SPRY4 knockdown increased the volume(i) and weight (j) of xenograft tumors. Tumor diameter was measured every 3 day. In d, e, f, g, i and j, ** and *** represented P < 0.01 and P < 0.001 by Student's t-test, between the indicated groups. proliferation by arresting cells in the G1 phase. In addition, cell cycle proteins, including Cyclin A2, Cyclin B1 and Cyclin D1, were also detected by western blotting (Fig. 7(e) ). SPRY4 knockdown promoted the expression of Cyclin D1 but not Cyclin A2 or B1, and AP24534 decreased Cyclin D1 expression, indicating that SPRY4 knockdown increased the proportion of S and G2/M phase cells by promoting Cyclin D1 expression. The ERK inhibitor ulixertinib had a similar effect as AP24534 on cell cycle distribution ( Fig. 7(f) ) and cell cyclerelated protein expression ( Fig. 7(g) ), indicating that ERK was the main downstream effector of the SPRY4-induced effect on the cell cycle of QBC939 cells. The levels of cell cycle proteins were also detected in xenograft models. Cyclin D1 expression was increased in tumors with SPRY4 knockdown (Fig. 7(h) and (i)) and decreased in response to AP24534 treatment ( Fig. 7(j) ), further confirming that SPRY4 could attenuate proliferation by arresting the cell cycle in the G1 phase.
Discussion
CCA is a highly heterogeneous and aggressive malignancy with a dismal prognosis. For a very long time, CCA was divided into intrahepatic and extrahepatic CCA, and the latter type included both PHCC and DCC. In 2007, the 7th AJCC/UICC system separated PHCC as a distinct subtype of CCA for the first time [37] , and thus the biomarker study of PHCC started very late. Moreover, the biological differences between PHCC and DCC have rarely been investigated. High-throughput analyses have indicated several molecular differences between the two subtypes, but few functional and clinical studies have been performed to verify these differences. Radical surgery is very difficult in PHCC because most patients present with advanced stages, which prevent an R0 surgical margin. In addition, perihilar surgery is one of the most complicated hepatobiliary surgeries, and no consensus has been reached for the standard surgical method for PHCC [4] . All of these reasons attributed to the fact that PHCC cohorts are difficult to collect, and therefore, the biomarker study of PHCC remains stagnant. In our study, 142 patients were enrolled, representing the largest cohort of PHCC cases to the best of our knowledge. For the first time, we investigated the expression of SPRY family members in different types of CCA and found that SPRY4 was an independent biomarker of PHCC but not of DCC. This conclusion also support that PHCC and DCC have different molecular characteristics. In our previous report [29] , we demonstrated that among the SPRY family members, only SPRY2 can indicate a favorable prognosis in ICC. Combined with the results in this study, we proved that the tissue specificity of SPRY family members was very obvious in CCA and suggested that different SPRY members may have different expression patterns or functions in distinct tumor types or tumor progression periods.
The prognosis of PHCC patients is very dismal. A main reason for this grim prognosis is that the effect of adjuvant therapy of PHCC is very limited. Unfortunately, no targeted drugs are available for PHCC, and a lower number of potential drugs are in clinical trials for PHCC than that for other tumors. Targeted therapy and precise treatment of PHCC require much more attention because of its increasing incidence and poor prognosis. In our study, for the first time, we demonstrated that SPRY4 expression was correlated with progression and poor prognosis in PHCC and that SPRY4 suppressed cell proliferation by arresting the cell cycle in the G1 phase. Moreover, we demonstrated that the inhibition of ERK phosphorylation was the main mechanism underlying SPRY4-mediated regulation of cell cycle and proliferation. Our findings could provide more insights into the tumor-suppressive function of SPRY4. The molecular mechanism by which SPRY4 inhibits ERK phosphorylation is still controversial. Different studies have shown that SPRY can suppress ERK activation at multiple upstream levels, including inhibiting Grb2, RAS or Raf activity36,15, but this was not well elucidated in our study. We hope that our discovery of the clinical significance SPRY4 could spark more interest regarding the underlying mechanism of how SPRY4 regulates ERK phosphorylation.
As the most important negative modulator of FGFR-ERK signaling, SPRY expression was reported to be elevated by continuous ERK activation [29] , which in turn suppresses the ERK phosphorylation. This was also proved by our results that long-term FGF2 stimulation promoted the expression of SPRY4 in PHCC cells. However, short-term stimulation like FGFR2 inhibitor had no obvious effect on SPRY4 expression. This SPRY4 feedback may be a protective mechanism of cells to maintain the proper activation of ERK. SPRY4 down-regulation as well as FGFR2 overexpression of tumor cells broke this balance and resulted in the proliferation out of control. FGFR2 expression had significant association with SPRY4, but FGFR2 high expression indicated poor prognosis while SPRY4 was associated with favorable prognosis of PHCC. This indicated that SPRY4 function can be up-regulated by FGFR2 stimulation and furthermore balance out the FGFR2-induced progression to some extent, pointing the potential therapeutic significance of SPRY4 in PHCC.
RAS mutations and FGFR2 fusions are the most well-accepted molecular features of CCA8. These genetic alterations lead to conformation changes and constitutive activation of the corresponding proteins [38] . Constitutive activation of these proteins eventually stimulates downstream signals, and ERK is a common effector of RAS and FGFR2 signaling. Several inhibitors of RAS and FGFR2 are currently in clinical trials or preclinical studies [39] , but it is uncertain whether these trials would bring out new target drugs. Furthermore, a recent study showed that tumor cells may develop FGFR2 mutations and exhibit resistance to FGFR2 inhibitors [40] . Our findings that SPRY4 inhibits ERK activation in PHCC indicated that SPRY4 could also be a potential therapeutic target. Drugs activating SPRY4 function can theoretically inhibit ERK activation and suppress tumor progression. This may provide new strategies for inhibiting FGFR2 or RAS signaling because most target drugs are small molecular inhibitors or monoclonal antibodies, and few of these drugs are agonists.
In conclusion, for the first time, we compared the expression of all the SPRY family members in different subtypes of CCA and investigated their prognostic significance in PHCC. Consequently, we demonstrated that SPRY4 was notably associated with tumor size and lymphatic invasion and that it was an independent prognostic biomarker of PHCC. In PHCC, SPRY4 expression was significantly associated with FGFR2 expression and its expression could be induced by ectopic activation of FGFR2. Through in vitro and in vivo experiments, we demonstrated that SPRY4 can suppress FGFR-induced proliferation and migration of PHCC cells by inhibiting ERK phosphorylation. Furthermore, we revealed that SPRY4 inhibited proliferation by arresting cells in the G1 phase and by reducing Cyclin D1 expression. Our results indicated that SPRY4 may be a potential target for PHCC xenograft tumors established with stable SPRY4 knockdown cells were detected using qRT-PCR and western blotting. (j) Left: levels of cell cycle-related proteins in subcutaneous xenograft tumors treated with AP24534 were detected. Right: Cyclin D1 expression was increased by SPRY4 knockdown and decreased by AP24534 treatment. In D, F, H and J, *, ** and *** represent P < 0.05, P < 0.01 and P < 0.001, respectively, between the indicated subgroups. Significance was calculated with Student's t-test. treatment and suggested that the detection of SPRY4 in PHCC patients can help stratify high-and low-risk patients more effectively, which may guide individualized therapy for PHCC.
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